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The ultrastructural differentiation of epidermal kera-
tinocytes cultured in the presence of 3T3 feeder cells is 
significantly different from that of the epidermis in vivo. 
Several markers of keratinization, including kerato-
hyaline granules (KGs), membrane-coating granules 
(MCGs), and an enucleated stratum corneum are essen-
tially absent from cultured cells . When cultured rabbit 
epidermal cells were trypsinized and injected subcuta-
neously into athymic mice, the cells reaggregated and 
formed cysts lined with a stratified squamous epithelium 
morphologically resembling the in vivo epidermis. In 
this paper, we examined the differentiation of the in-
jected cells by electron microscopy. Within 24 h after 
injection, MCGs and KGs appeared in the reaggregated 
epidermal cells. Horny cells were noted within 48 h. 
Since basement membrane formation was not completed 
until much later (between 4-9 days), a direct contact 
between epi_dermal cells and a continuous basal lamina 
structure was not required for the formation of various 
keratinization markers. Glycogen and lipid droplets, 
which were abundant in the early (10-48 h) cystic epi-
thelia, gradually disappeared from the basal through the 
granular layers during days 2-9. By 16 days, the ultra-
structure of the cystic epithelium appeared similar to 
the in vivo rabbit epidermis including the formation of 
"rabbit-type" KGs, MCGs, and normal enucleated horny 
cells. These results provided further evidence that the 
differentiation of epidermal cells can be modulated sig-
nificantly and reversibly by the external environment. 
Moreover, the expression of certain morphologic 
markers of keratinization (KGs and MCGs) can be mod-
ulated rapidly by the growth environment. 
Differentiation of epidermal cells cultured under a variety of 
in vitro conditions [1-11] is significantly different from that of 
the epidermis in vivo. E lectron microscopy showed that cul-
tmed epidermal colonies possess few, if any, keratohyaline 
granules (KGs) and membrane-coating granules (MCGs; also 
known as lamellar granules or keratinosomes), and no typical 
stratum corneum [2,3,5,12]. Such a morphologic deficiency is 
fl'equently accompanied by the absence of the high-molecular-
weight ~el'atins (M,. 65,000-68,000) which axe among the most 
abundant kemtins of the in vivo epidermis [13-16]. 
Recently, Doran eta! [17] described a system in which highly 
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purified, cultured rabbit epidermal cells were trypsinized, re-
suspended in medium, and injected subcutaneously into an 
athymic mouse. The injected cells reaggregate and form a cyst 
with a viable epithelial lining which is similar to the in vivo 
epidermis both morphologically by light microscopy (cf 
[18-22]) , and biochemically as far as t he restoration of the high 
M ,. keratin proteins is concerned. In t his paper we present 
ultrastructural data demonstrating the sequence as well as the 
fa ithfulness of th e keratinization process in such a system. 
MATERIALS AND METHODS 
Cell Culture 
Immediately a fter sacrificing a new ra bbit (1 month old) , a small 
piece of shaved tru nk skin (3 x 3 em) was excised. The epidermal 
surface was cut with a sharp scalpel in a cross pattem (1 mm~) to a 
depth of approximately 1 mm. S uch epidermal wounds fac il itate the 
penetration of trypsin to the deeper epidermis. The specimen was 
soaked epidermal side down in 4 ml of 0.2% t rypsin, 0.003% EDTA (in 
saline), and incubated at 37°C for 30 min. The epiderma l surface was 
lightly scraped to obtain disaggregated cells. This procedure, when 
compared with the previous technique of trypsinizing minced skin 
[7,23], was simpler and resul ted in a further reduction of fibrob last 
contamination. The epidermal cells were plated in Dulbecco's modified 
Eagle's mediu m containing 20% fetal cal f serum a nd hydr ocortisone 
(0.5 1-1g/ ml) in the presence of lethally irradiated 3T3 fibroblasts [7]. 
Under these conditions over 90% of the proliferating colonies in 
primary cul tUTes were identified as epithelial cells by indirect immu-
nofluorescen t staining with an ant ikeratin ant iserum [24]. The remain-
ing colonies, which were keratin-negative and fibroblastic in morphol-
ogy, could be removed selectively by EDTA [7,18]. By replenishing 
with fresh 3T 3 cells, pw·ified rabbit epiderma l cul tures can grow to 
confluency (in vitro replication: 10a- to 10''-fold). S ince ra bbi t epidermal 
ce lls do not grow well in secondary cultures, primary cultures were used 
in the present experiments. 
Injection of Cultured Epidermal Cells into A thymic Mice 
After the 3T 3 feeder cells and any contaminating rabbit fibrob lasts 
were removed by EDTA, epidermal cells (2-3 weeks in cultw-e) were 
trypsinized and resuspended in cul tw-e medium [7]. As described pre-
viously [17], a liquots (0.1 ml) containing 5 X 106 epidermal cells were 
injected subcutaneously in to the flanks of athymic mice (BALB/c 
background, 4- to 6-week-old females). The soft swelling which was 
produced at the site of injection usua lly decreased slight ly in s ize within 
24-48 h. During the ensuing weeks a nodule formed that reached 3- 5 
mm in diameter. At 10, 18, 24 h, 2, 3, 4, 5, 9, 16, and 35 days, a nima ls 
were sacrificed by cervical dislocation and the nodules were excised for 
ligh t and electron microscopic analysis. 
Histologic Analysis 
Specimens were fixed in 10% buffered formalin, embedded in paraffin , 
sectioned at 7 1-1m, and stained with periodic acid-Schiff (PAS), with 
and withou t diastase treatment, for glycogen detection. Frozen sections 
(5 1-1m) of some specimens were stained with o il red 0 for lipid. 
Electron. Microscopy 
Specimens were fixed in a solu tion containing 2% paraformaldehyde 
a nd 2.5% glu taraldehyde, postfixed in 1% osmium tetrOJdde, dehydra ted, 
embedded with Epon 812, sectioned (400 A), stained with uranyl acetate 
and lead citrate, and examined wi th a Hitachi 12 electron microscope 
according to previously published procedures [25]. 
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RESULTS 
In Vivo us. In Vitro Differentiation 
Rabbit epidermis: The fine structure of the rabbit epidermis 
was similar to that of other mammalian epidermis, and was 
comprised of typical basal, spinous, granular, and horny cells. 
Above the basal layer, 1-2 layers of oblong spinous cells were 
characterized by the presence of MCGs mainly located along 
the apical portion of these cells. A single layer of granular cells 
was characterized by large, electron-dense amorphous KGs. 
The stratum corneum consisted of 10-15 layers of enucleated 
horny cells (Fig. lA ). 
Cultured rabbit epidermal cells: Ten- to 14-day-old primary 
cultures of rabbit epidermal keratinocytes consisted of 5-10 
layers of flattened cells. Cells in the lower layers contained 
tonofilaments in addition to ribosomes, mitochondria, and en-
doplasmic reticulum (Fig 1B). The uppermost cells were some-
what more flattened and were frequently degenerated, consist-
ing of tonofilaments, some organelles, and a cornified envelope. 
Typical desmosomal cell-cell junctions were abu ndant. KGs, 
MCGs, and enucleated horny cells were rarely observed. 
Initial Stages of Cyst Formation (10-48 Hours) 
Light microscopy: When cultured rabbit epidermal cells were 
trypsinized, resuspended as single cells in medium, and injected 
subcutaneously into athymic mice, the cells reaggregated. Ten 
hours after injection, cells formed .small round nests (5-10 cells 
in diameter) (Fig 2A). Varying amounts of densely staining cell 
debris were seen between cell clusters. By 18 h, the aggregation 
process resulted in larger clusters of cells (20-30 cells in diam-
eter). 
Organization of cells into a single, contiguous, stratified epi-
FIG 1. Comparison of in vivo and 
in vitro epidermal differentiation. Bars 
= 1 J.Lm. IA, Low-power electron micro-
graph of the rabbit epidermis in vivo 
showing basal (B) , spinous (S), granular 
(G), and horny cells (HC). Arrows point 
to MCGs. D, dermis; F, tonofilaments; 
K, KGs; CE, cornified envelope. JB, 
Low-power electron micrograph of the 
full thickness of a cu ltured rabbit epider-
mal colony (primary cultme, 14-day-
old) . Cells contain abundant tonofila-
ments (F) and a cornified envelope (CE_). 
No MCGs, KGs, or typical, enucleated, 
horny cells were evident in these cells. 
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thelium became evident by 24 h (Fig 2B). An outer and inner 
boundary of the viable epithelium could be delineated. The 
outer part of the epithelial lining consisted of small cuboidal 
cells bounded by a loosely organized (mouse) dermal structure. 
The innermost part of the epithelium contained larger, more 
rounded cells which interfaced with a large mass of cell debris. 
In 2-day-old (48-h) cysts there appeared discrete focal points 
of densely staining material located in the center of many 
concentrically arranged cells (Fig 2C) (17]. 
Electron microsc-opy: Cells in the interior of the 10-h and 18-
h nests contained the usual intracellular organelles along with 
tonofilaments, electron-opaque ch·oplets, and islands of 240 A 
particles (Figs 3, 4A). The electron-opaque ch·oplets appeared 
similar to lipid ch·oplets seen in other tissues (26) and corre-
sponded to the oil red 0 staining ch·oplets seen in frozen sections. 
The 240 A particles are believed to be glycogen (Figs 3, 4A) 
which may correspond to the large amount of PAS-positive, 
diastase-sensitive material seen in paraffin sections of the 10-, 
18-, and 24-h samples. 
A variety of cell- cell junctions, presumably early desmo-
somes, were observed between adjacent cells in the 10-h nests 
(Fig 4A). Often a small, dense band or plaque with a sparse 
amount of associated filaments was present on the plasma 
membrane (cytoplasmic side) of a cell, with no corresponding 
structure in the immediately adjacent cell. Even in those cases 
where the dense bands were symmetrically positioned in adja-
cent cells, the intercellular material between the dense bands 
lacked the pentalamina organization characteristic of the ma-
tme desmosomes. No internalized desmosomes were observed. 
Keratinization markers such as MCGs and KGs were not seen 
in any of the cells of the 10-h nests. 
Unlike the immatme desmosomes seen at 10 h , at 18 h 
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mature desmosomal attachments were abundant between ad-
jacent cells (Fig 4B). They were typical, highly organized, 
pentalamina structures with associated tonofilaments (Fig 4B). 
Another significant change by 18 h was the appearance of 
small membrane-bound granules with some platelike, thin, 
internal structures. These granules were found around the 
periphery of many cells located in the innermost port ion of the 
clusters (Fig 4B), and most likely represent nascent MCGs. 
By 24 h the most dramatic chan ge was the unequivocal 
presence of 2 markers of keratinization, MCGs and KGs. Nu-
merous membrane-bound granules with an internal structure 
consisting of alternating dense and less dense lamellae, char-
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FIG 2. Time course of the morpho-
logic changes of cul tured rabbit epider-
mal ce lls after they were injected sub-
cutaneously in to athymic mice (plastic 
sections, ligh t microscopy) Bars = 20 
llm . 2A, Ten hours after injec tion. Cells 
formed small round nests separated by 
single cells and debris (arrows). 2B, 
Twenty-four hours after injection. By 
this time a cont iguous stratified epithe-
lium was formed. S mall cuboidal cells 
(->)predominate along the outer bound-
ary (OB), whereas the innermost par t of 
the epithelium contains larger, more 
rounded cells (+->) which in terface with 
a mass of cell debris (CD). c, Forty-e ight-
hour cyst. Note the presence of densely 
staining materia l in the center of the 
concentrically arranged cells (arrows) . 
OB, outer boundary; CD, cell debris. 2D, 
Three-day-o ld cyst. Basal cells (B) are 
easily delineated fro m the underlying 
mouse dermis (D). Four to 6 layers of 
spinous cells (S) and 3- 5 layers of gran-
ular cells (G) , ftlled with KGs, comprise 
the viable epithelium. A distinct s tratum 
corneum (SC) is observed concentrically 
positioned in the center of the cyst. 2E, 
Nine-day-o ld cyst. Note a multilayer, vi-
able epithelium (VE) beneath a stratum 
corneum (SC), similar to that seen in 
vivo. Beneath the viable epithelium, 
there was a mu ltilayered sheath of fibro-
blasts (F) . CD, cell debris. 2F, S ixteen-
day-o ld cyst. A t t his t ime the viable ep-
ithelium (VE) is thinner whereas the 
stratum corneum (SC ) contains numer-
ous laye rs of horny cells. Beneath the 
viable epithelium, a dense band of fibro-
blasts (F) can be seen. 
acteristic for mature MCGs, were found in the cytoplasm of the 
upper cells in the cystic epithelium. When present, these MCGs 
were mainly distributed around the periphery of the cells (Fig 
5). In addition, small amorphous electron-dense masses, con-
sistent in appearance with KGs, were observed in the inner 
cells of the cystic epithelium (Fig 5). All cells contained numer-
ous tonofilaments, lipid, and glycogen. 
No basal lamina was evident at the interface between the 
outer portion of the epithelial lining and the mouse dermis in 
the 24-h samples. However, thin bands of electron-dense ma-
terial were located beneath some focal areas of basal cells of 2-
day cysts (Fig 6A) . 
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In most cells of the 2-day cyst the glycogen granules de-
creased, whereas lipid droplets were still abundant, consistent 
with the histochemical reactions for these two products in 
paraffin and frozen sections. KGs increased in size and fre-
quency, resulting in a distinct granular cell layer (Fig 6B). 
Fusion of MCGs with the granular cell membrane and the 
appearance of (discharged) lamellar material in the intercellular 
space were routinely detected (Fig 6B, inset). 
Islands of 1-3 layers of cornified or horny cells, corresponding 
FIG 3. Accumulation of lipid and glycogen in t he 18-h cystic epithe-
lium. High-magnifica tion electron micrograph of a portion of the cy-
toplasm of a cell from a nest, 18 h after injection. F, tonofilaments; L, 
lipid droplets; GL, glycogen. Bar = 0.5 ~tm. 
FIG 4. Formation of desmosomes in 
the cystic epithelium. Bars= 0.1 ,urn. 4A, 
Electron micrograph of a portion of 2 
cells within a nest, 10 h after subcuta-
neous injection into the athymic mouse, 
showing a variety of desmosomal figures. 
Note the dense band on one side of a cell 
membrane (->) with no corresponding 
structure in adjacent ce lls. Pentalamina 
organization between symmetrically po-
sitioned dense bands was not observed 
at this time ( ....... ). GL, glycogen. 4B, 
Eighteen hours after injection, cells con-
tained mature desmosomes (D) with the 
typ ical pentalamina structw·e and prom-
inent tonofilaments (F) in close proxim-
ity. MCGs (->) with plate-like internal 
structures are seen around the periphery 
of these cells. 
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to the dense masses seen in thick sections (Fig 2C) were 
observed directly above some of the granular cells in the 2-day 
cyst (Figs 6B, 7). These flattened horny cells consisted mainly 
of filaments embedded in an electron-dense material yielding a 
"filament-matrix complex" (Fig 7). Numerous lipid droplets 
and electron-luscent inclusions were scattered within these 
horny cells (Fig 7) . In addition, some horny cells contained 
material which was organized into a series of alternating bands 
or lamellae (30 A wide) without any interlamellar spaces (Fig 
7). These abnormal depositions of stacked lamellae were similar 
in dimensions and organization to the lamellar inclusions seen 
in horny cells of the follicular epithelium of patients with acne 
[27). 
Intermediate Stage of Cyst Formation (3-16 Days) 
Light microscopy: By 3 days, the epithelial lining of the cyst 
was fully ke1·atinized, as evidenced by the appearance of a 
densely stained stratum corneum (Fig 2D). Basal cells were 
easily delineated from the underlying dermis. Above the basal 
cells, 4-6 cell layers of spinous cells and 3-5 layers of granular 
cells could be detected even at the light microscopic level (Fig 
2D). 
A viable epithelium with an overlying stratum corneum, 
similar to that seen in vivo, characterized the 9-day epithelium 
(Fig 2E). Beneath the viable epithelium the dermis was orga-
nized into a multilayered sheath of fibroblasts. 
An overall decrease in the thickness of the viable epithelium 
(basal, spinous, and granular cells) combined with an increase 
in the number of horny cells was the major quantitative change 
noted in the 16-day-old epithelium (Fig 2F) [17). Beneath the 
viable epithelium a dense band of fibroblasts, first noted on day 
9, was prominent. 
Electron microscopy: During the intermediate stages of cyst 
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formation, there was a progressive diminution in the amount of 
lipid droplets in the cystic epithelium beginning with the basal 
cells, and culminating in the total absence of lipid droplets in 
the viable epithelium of the 9-day-old cyst (Fig 8A, B). A 
similar diminution in oil red 0 staining material with time was 
noted in the frozen sections of the cystic epithelium. The 
stratum corneum of the 9-day epithelium still contained nu-
merous nuclear remnants, lipid droplets, and inclusion bodies 
(Fig8C). 
A continuous basal lamina complex was completed in the 9-
day cysts (Fig 8D) . By 16 days the entire viable epithelial cell 
population and lowermost few layers of horny cells appeared 
completely normal. 
Fully Mature Cyst (35 Days) 
Electron microscopy: The epithelial lining of the 35-day cyst 
appeared similar to the in vivo rabbit skin from which the 
cultured cells were originaUy derived (cf. Fig 9 and· Fig lA). It 
consisted of a single layer of basal cells, 1-2 layers of spinous 
cells containing MCGs, and a single granular layer with KGs. 
Horny cells were extremely flattened and enucleated, consisting 
of the typical filament-matrix complex and cornified envelope 
(Fig 9). 
DISCUSSION 
An initial phase of abnormal differentiation followed by a 
conversion to normal keratinization characterized the overall 
development of the subcutaneously placed cultured epidermal 
cells. 
Transient Abnormal Differentiation 
Cells of the 10- and 18-h nests contained large amounts of 
glycogen granules and lipid droplets. Similar initial accumula-
tion of glycogen and lipid was noted in freshly plated epidermal 
cultures (data not shown). These changes perhaps reflect the 
response of the cells to the trypsinization procedure and the 
perturbations due to a new environment. 
Under in vivo conditions, increased cellular glycogen content 
is one of the responses of epidermal cells to wounding [28-30], 
and the 'glycogen is believed to provide the energy necessary to 
meet the demands of rapid growth often attributed to disturbed 
epidermal cells [31-33]. Similarly, lipid accumulation is a hall-
mark for epidermal cells under a variety of hyperproliferative 
conditions such as psoriasis [34,35] and wound healing [36]. 
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FIG 5. Formation of KGs and MCGs. 
This electron micrograph showed a por-
tion of 2 cells from the epithelium lining 
the 24-h cyst. KGs (K) and matu1·e 
MCGs (->) are seen for the first time in 
the cytoplasm of these cells. L , lipid 
ru·oplets; F, tonofliaments. Bar = 1 llm. 
Left inset, High-magnification electron 
micrograph of KGs (K) . Note the asso-
ciated tonofilaments (F). Bar= 0.11-'m. 
Right inset, High-magnification electron 
micrograph showing the lamellar inter-
nal structure (->) characteristic of 
MCGs. Bar= 0.11-lm. 
Autoradiographic investigations [26] and x-ray diffraction stud-
ies [37] demonstrated that similarly appearing lipid droplets 
were composed primarily of saturated triglycerides. This lipid 
may result from abnormal degradation and may serve as a 
storage form of energy, but its exact role is unknown. 
Whereas glycogen granules were never seen in the horny cells 
of the cysts, lipid droplets were retained within these cells, 
serving as a "reminder" of the pathology that preceded the 
formation of such cells. Coincident with the presence of lipid 
droplets within horny cells was the visualization of stacks of 
lamellae. These images are consistent with structures formed 
by polar lipids in an aqueous environment [38]. Such an obser-
vation, combined with earlier reports of lamellar organizations 
in acne and lamellaT ichthyotic horny cells [27], suggests that 
polar lipid retention within horny cells may be a general con-
sequence of abnormal keratinization. 
Keratinization in Mature Cysts 
By day 16 and from then on, cystic epithelium became similaT 
to in vivo epidermis in almost every ultrastructural detail (Figs 
2, 9). Additionally, cells of the epideTmal cyst were shown to 
reacquire several keratins characteristic of the in vivo epidermis 
by one- and two-dimensional gel electrophoresis [17; A. Vidrich 
and TTS, unpublished observation]. Based on these ultrastruc-
tural and biochemical observations, it can be concluded that 
cultured rabbit epidermal cells, upon injection into athymic 
mice, are capable of forming a fully keratinized epidermis. Since 
under the present cell culture conditions [7] epidermal cells do 
not normally keratinize (Fig lB: also see [7,16,39,40]), such 
findings, in conjunction with earlier light microscopic and bio-
chemical data [17], showed that the external environment 
played an important role in dermal differentiation not only in 
embryonic (for reviews, see [ 41,42]), but also in adult tissues 
([ 43], s~e below). It was also apparent that epidermal cells did 
not · undergo irreversible "de-differentiation" [ 44] when cul-
tured, and the Rheinwald-Green cell culture system [7] was not 
selective for a population of nonkeratinizing cells. Previous 
studies using other differentiated cell types such as cartilage 
[ 45], thyroid [ 46], and pigment [ 4 7] cells have led to a similar 
conclusion that the differentiated phenotype is remarkably 
labile and can be influenced reversibly by the external environ-
ment [ 42,48]. 
Billingham and Silvers [ 43] separated epidermis and dermis 
from adult guinea pig ear, sole, and trunk skin and studied 
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various heterotopic recombinants. They found that local dermis 
could modulate the differentiation of overlying epidermis. Our 
results basically agree with theirs and lend fmther support to 
this important conclusion. The present findings, however, differ 
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from the previous one [ 43] in several aspects. First, we used a 
pure population of cultured epidermal cells that had undergone 
extensive in vitro replication [17] whereas Billingham and Sil-
vers used intact epidermis. Second, the environmental effects 
FIG 6. Ultrastructure of a 48-h cyst. 6A , Early stage of basal lamina formation. Interphase between the outer p01t ion of the epithelial lining 
and the dermis (D). Discontinuous thin bands of electron-dense material (->) located beneath the basal ce lls (B) are in close contact with 
fibroblasts (F). L , Lipid droplets. Bar= 1 pm. 6B, Advanced keratinization in a 48-h cyst. Innermost region of the 48-h cysts is shown. By this 
time KGs (K) are quite numerous within the cells. Lipid droplets (L) are also abundant. Small islands of horny cells (HC) are seen for the fu·st 
time. F, tonofilaments. B ar= 1 flm. Inset, A cell from a 48-h cyst showing fusion (-> ) of MCGs with cell membrane, and lamellru· material in 
intercellular spaces (+-+).Bar= 0.2 pm. 
FIG 7. Horny cells (HC) first seen in th e 48-h cyst. In addi tion to an electron-dense, filament-matrix complex (FM) , lipid droplets (L) and 
electron-luscent inclusions (I) comprised these cells. All horny cells were encased by a cornified envelope (->). Bar = 0.5 fJ.m. Inset, High 
magnification of the area in the square showing materia l organized in to a series of lamellae (->) of a lternating densit ies without any in terla mellar 
spaces. Bar= 0.1 p.m. 
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FIG 8. Ultrastructure of a 9-day-old 
cyst. BA, Low-power electron micro-
graph of a portion of the basal (B) and 
spinous (S ) cells of the epithelial lining 
of a 9-day-old cyst. Note the absence of 
lipid droplets in the cytoplasm of these 
cells. F, tonofila ments; D, dermis. Bar 
= 1 fJ.m. BB , Low-power electron micro-
graph of a portion of the granular layer 
of t he 9-day-old epithelium. Note the 
absence of lipid droplets. K, KGs; F, 
tonofilaments. Bar = 1 fJ.m. BC, Low-
power electron micrograph of a portion 
of the uppermost granular region (G) 
and the lowermost horny cells (HC) of 
the 9-day-old epithelium. Horny cells 
still conta in nuclear remnants (NR) , 
lipid droplets (L), and incl usion bodies 
(J) : cornified envelope(->) . Bar= 1 f.Lm. 
BD, High-magnification electron micro-
graph of a portion of the basal region of 
the 9-day-old cyst. By this t ime a fully 
formed basal lamina complex, consisting 
of the basal cell membrane (BCM), lam-
ina Iucida (LL) , and lamina densa (LD), 
is observed. A band of flocculent mate-
rial (FM) is in direct contact with the 
lamina densa and a fibrob last (F). HD, 
hemidesmosome. Bar = 0.5 ,.,.m. 
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FIG 9. E lectron micrograph of a 35-day-old cyst. The epithelium 
consists of a single layer of basa l cells (B) , 1-2 layers of spinous cells 
(S) and a single granu la1· layer (G). Horny cells (HC) were extremely 
flattened, enucleated, a nd devoid of any detectable a bnormali ty. K, 
KGs; F, tonofila ments; MCGs (~); D, dermis, cornified envelope (-+-+). 
Bar= 1 p.m. 
on epidermal differentiation which we observed were more 
striking (keratinized vs. "nonkeratinized" morphology) than 
those observed previously (mitotic rate, thickness, etc. ). Third, 
om results showed that epidermal differentiation could be 
modulated, not only by the dermis [ 43), but perhaps by the 
external environment in general. Finally, om findings demon-
strated the reversibility and rapidity of the modulation process. 
The fact that cultured epidermal cells can fully keratinize, 
once provided with a proper environment, strongly suggests 
that modifications of culture parameters could eventually lead 
to an improved in vitro system capa ble of supporting normal 
epidermal differentiation (for the effect of vitamin A on kera-
tinization, see [ 49)) . Furthermore, these results support the idea 
that epidermal cells cultivated under in vitro culture conditions, 
though appearing abnormal, can be useful for clinical trans-
plantation [18-22,50,51]. 
An important question relates to whether the cystic epithe-
lium resembles more closely the host mouse or the rabbit 
epidermis. In some cases epidermis from different species can 
be distinguished on the basis of thickness or by the presence or 
absence of vru·ious differentiation products. However, the epi-
dermis of the rabbit, athymic mouse, and the 35-day cyst were 
indistinguishable at the light microscopic level. The only distin-
guishing featme lies in the ultrastructm e of the KGs. The 
rabbit produces an angular granule of varying size and shape, 
with filaments incorporated in the main body, whereas the 
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athymic mouse elaborates predominantly round-to-oval gran-
ules, surrounded by ribosomes and devoid of filaments passing 
across the main body. Since cells of the 35-day cystic epithelium 
contained exclusively the angulru· type of KGs, this tissue more 
closely resembled the rabbit epidermis. These results showed 
that the subcutaneous site of the athymic mouse provided a 
permissive environment allowing the (cultmed) rabbit epider-
mal cells to differentiate fully in a rabbit-specific manner. In 
support of this concept, Doran et al [17) reported that when 
cultmed rabbit esophageal epithelial cells were injected sub-
cutaneously into athymic mice, these cells formed a cyst with 
a parakeratinized epithelium (similru· to the in vivo rabbit 
t issue), rather than an orthokerati:nized structme typical for 
the mouse esophagus. 
It has been postulated that cultmed epidermal cells do not 
keratinize normally because they ru·e submerged in a moist 
environment [6,12]. However, om resul ts show that advanced 
keratinization can occur in a moist cystic environment, indicat-
ing that dryness or an air-liquid interphase is not a prerequisite 
for normal keratinization. This conclusion is consistent with the 
fact that fetal epidermis and some adult oral mucosa (e.g., hard 
palate, gingiva, and dorsum of the tongue) normally keratinize 
in a moist environment [52]. 
Kinetics of Keratinization 
Numerous attempts have been made to obtain information 
on the sequence and timing of the morphologic events that 
occm during epidermal wound healing [28,36,53-55]. Due to 
difficulties in making reproducible wounds, the varying time 
before migrated basal cells strut to stratify and differentiate, 
and uncer tainty in distinguishing newly differentiated cells from 
migrating ones, precise determination of these events has been 
difficult. Since our cultured epidermal cells do not possess any 
significant amount of MCGs and KGs, apperu·ance of th ese 
differentiation markers in cystic epithelium permits us to esti-
mate the time needed for their formation . 
We found that pru·tially laminated MCGs appeared in t he 
epidermal cells as early as 18 h after injection. By 24 h, cells 
were observed to contain fully laminated MCGs and mature 
KGs. These times are significantly earlier than some previous 
reports. 
The basal lamina complex was not morphologically com-
pleted until well after the appearance of vru·ious keratinization 
markers in the cystic epit helium. This indicated that cultw-ed 
epidermal cells were able to reaggregate, stratify, and keratinize 
to a significant extent before a continuous basal lamina was 
formed. Such a result is consistent with Wessells' eru·lier obser-
vation [56] that, in experiments using embryonic chick epider-
mal-dermal recombinants, basal cell orientation and epidermal 
differentiation proceed before the third day when the basement 
membrane (as defined by PAS staining) was formed . 
Earlier studies suggested that desmosome formation began 
with the deposition of a dense submembranous material usually 
associated with spru·se amounts of cytoplasmic filaments [53,57-
60]. We have observed similar structures in our epidermal cysts 
10 h after injection. However, in our studies, fully matured 
desmosomes were formed between 10-18 h. This is in contrast 
to results of Dembitzer et al [57], who reported that in a cell 
culture system (C4 I cervical squamous cell carcinoma), mor-
phologically recognizable desmosomal components were formed 
within 15 min of reaggregation and that fully matured desmo-
somes were seen by 90 min (also see [61)) . The greatly 
lengthened time noted in th e present study could be due to 
inherent differences among different cell types, effects of a 
subcutaneous environment vs. a culture medium, or different 
protocols of experimentation. 
Perhaps the most striking featme of our system relates to 
how rapidly cultured (abnormal) epidermal cells can reexpress 
various keratinization ma1·kers when provided with an in vivo 
environment. This observation has significant clinical implica-
tions. For example, psoriasis is mru·ked by epidermal hyperpla-
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sia with incomplete keratinization; psoriatic epidermis fre-
quently lacks a gTanular layer and possesses incompletely enu-
cleated horny cells with abundant lipid droplets. Since the 
turnover time (from basal to horny layer) of psoriatic cells is 
much shorter than normal (4 days vs. 14) [62], it has been 
postulated that the reduced degTee of keratinization is due to 
the insufficient time for epidermal cells to matme [63]. In om 
system, (abnormal) cultmed epidermal cells, when placed sub-
cutaneously, can elaborate MCGs and KGs in 24 h. Extrapola-
tion of these findings to the in vivo situation supports the notion 
that perhaps it is an abnormal dermal or humoral influence, 
rather than insufficient time, that is responsible for the abnor-
mal keratinization in psoriasis [1,64,65]. 
The authors wou ld like to gratefully acknowledge Dr. Edward Kollar 
for critical reading of the manuscript, and Ms. Paula Bonitz a nd Ms. 
Margret Cullen for excellent technical assistance. 
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Reversal of P-Agonist-Induced Refractoriness in Skin by Tetracaine and 
Mepacrine 
O s AMU N E MOTo, M.D., JuNJI TAKE DA, M.D., K E NJI ADACHI, M .D., PH.D., K E NNE TH M . HALPRIN, M .D., 
CLYDE W . WooDYARD , B.Sc., AND VICTOR L E VINE, B.Sc. 
Dermatology Service, Veterans Administration Medical Center, M iami, and Department of Dermatology, University of Miam.i School of 
M edicine, Mia.rni, Florida, U.S.A . 
W e previously reported tha t in skin slices stimulated 
by a /J-adren ergic agonist, the intracellular cyclic AMP 
level increased transiently. The level r eturned to a low 
steady state in 20-30 min and further stimulation by the 
agonist did not increase the cyclic AMP lev el. This s ta te 
of "refractoriness" was found to b e sp ecific to the initial 
stimulator, i.e., his tamine but not epinephrine could r e-
s timulate the cy clic AMP system after an initial exposure 
to epinephrine (Biochim Biophys Acta 497:428-436, 
1977). We now report that incubation of skin with m e-
pacrine or te tracaine after /J-adrenergic stimulation 
caused partia l r ecovery from the r efractoriness. Neither 
the simultaneous incubation of skin with epinephrine 
plus m epacrine (or tetracaine) nor preincubation of skin 
with mepacrine (or tetracaine) before the fJ-adrenergic 
stimulation prevented the development of the r efracto-
riness. Mepacrine inhibited the skin adenylate cyclase 
catalytic (or the complex of GTP-regulatory protein and 
catalytic) unit. The available da ta suggest that mepa-
crine and tetracaine interacted with the agonist-rece p-
tor complex at the cell m embrane. 
The cellular response to a hormone is not always constant 
but may vary. For example, when an organ is once exposed to 
a catecholamine, it often shows a r educed capacity to elevate 
its intracellular cyclic AMP level after a second exposm e. This 
loss of hormone responsiveness is termed refractoriness (desen-
sitization) and has been found in ma ny tissues including skin 
[1]. 
Although neither the precise mechanism nor the physiologic 
significance of r efractoriness is understood, it is conceivable 
that one of the functions is to limit overstimulation by a 
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hormone. Thus in most tissues and organs, refractoriness may 
work in a protective fashion. On the contrary, in organized skin , 
where fJ-adrenergic r eceptors may mediate inhibition of mi tosis 
(see Discussion), refractoriness to catecholamines may increase 
epidermal cell division. Such an association of refractoriness 
with increased epidermal tw·nover has been found in psoriatic 
skin (2] and phorbol ester-treated hyperplastic skin (3). 
Attempting therefore to restore t he state of sensit ivity or 
recovery from refractoriness may be a meaningful therapeutic 
endeavor. Recently the effective uses of mepacrine and tetra-
caine against refractoriness in astrocytoma cells was repor ted 
(4). We report here par t ial recovery from refractoriness in skin 
by the same reagents, although the responses and modes of 
action are somewhat different from those hi ther to reported. 
MATERIALS AND M ETHODS 
Shin and Cell Prep aration 
Domestic pigs (weighing 5-8 kg) were anesthetized with pentobar-
bi tal. S kin from the back was excised with a Castroviejo keratome set 
at 0.2 mm in thickness. T hus 80-90% of the skin samples consisted of 
epidermis. S kin samples that were used fo r epinephrine stimulation 
experiments were cut into 4-mm squares. They were fl oated on cold 
Hanks' medium un til incubation. For adenylate cyclase assays, we used 
epidermal ce lls instead of skin sheets 01· squares. T he skins, taken in 
the same way, were incubated with 0.4% (w/ v) t rypsin in Hanks' 
medium for 45 min at 37"C. P ure epidermal sheets were peeled from 
the dermis and epidermal cells were mechanically rubbed off from the 
sheets. Cell viabili ty was about 70% as assessed by trypan blue exclu-
sion. 
Epinephrine Stimulation 
After the 4-mm skin squares were preincubated in Hanks' medium 
for 20 min at 37°C, sam ples were transferred into Hanks' medium 
containing 50 I'M epinephrine fo r di ffe rent time periods. T hen they 
were washed in Hanks' medium and transferred t·o Hanks' mediu m 
erans Administration Medical Center, 1201 Northwest 16th t reet, 
Miami, F lorida 33125. 
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